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(54) Increased capacity optical waveguide 

(57) An compound core optical waveguide fiber de- 
signed for high data rate or single channel or WDM sys- 
tems which may include optical amplifiers. The 
waveguide is characterized by a core having two (44,46) 
or three regions (2,6,8) wherein the refractive index can 
be varied. The relative size of the regions may also be 
varied. By adjusting these variables, the desired mode 
field diameter, zero dispersion wavelength, dispersion 



slope and cut off wavelength were obtained. The optical 
properties are chosen to limit non-linear effects while 
maintaining low attenuation and acceptable bend per- 
formance. In addition, the residual stress within the 
waveguide is maintained at a low level to limit stress in- 
duced birefringence. The low residual stress in the un- 
coated waveguide, together with a dual coating system 
having selected moduli and glass transition tempera- 
tures results in low polarization mode dispersion. 
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Description 
Background 
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amplifiers. _ ra hirih H»ta rate transmitters and receivers, and wave- 
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length division muttiplaxing (WDM) technology t«»^"^*"lE tha wavegoida lib., must have 
J disparate, and a,=.p.iona«, low polariza.io. Sfsa nvSuation (SPIvl) and lou, wava 
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30 the dispersion power penalty; and, 

- an absolute value of total dispersion and zero dispers.on wavelength 

- compatible with operation in the optical amplifier gain peak wavelength reg.on. 

Definitions 

[0006] The following definitions are in accord with common usage in the art. 
- The initials PMD represent polarization mode dispersion. 
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2 



BNSDOCtO <EP _1046937A1_I_> 



EP 1 046 937 A1 



where r is in the range r c <> r < r 1 , delta is defined above, and alpha is an exponent which defines the profile shape. 
The profile volume is defined as integral from r=r s to r=rj of the quantity [ (%delta(r))(r dr)]. 

Summary of the Invention 

5 

[0007] The present invention meets the requirements, outlined above, for an optical waveguide for use in high data 
rate systems which may include WDM systems and incorporate optical amplifiers. 

[0008] The invention is a particular species, discovered to have extraordinary properties, of a genus of profiles dis- 
closed in U. S. patent 4,715,679, Bhagavatula, incorporated herein by reference. 
10 [0009] A first aspect of the invention is a single mode optical waveguide fiber designed for high data rate or WDM 
systems which may incorporate optical amplifiers. The waveguide has a core region and a surrounding clad layer of 
index n c . The core region includes a central region having a maximum index n D , a first annular region adjacent the 
central region having maximum refractive index n v and a second annular region, adjacent the first annular region, 
having maximum index n 2 , and n 0 > n 2 > n v The inventive fiber is characterized by: 

15 

the profile volume from the centerline to the cross over radius, the inner profile volume; 

by the profile volume from the cross over radius to the end of the core, the outer profile volume; and, 

by the ratio of outer to inner profile volume. The inner profile volume, outer profile volume and ratio of outer to 

inner profile volume are in the ranges of about 2.70 to 3.95 units, 1 . 10 to 7.20 units and 0.30 to 2.35, respectively. 

20 The units are % delta-microns 2 . The waveguide has a dual layer coating to preserve waveguide fiber strength and 

to substantially isolate the waveguide from external forces which can cause birefringence, thereby limiting polar- 
ization mode dispersion. The dual layer coating comprises an inner layer having an elastic modulus in the range 
of about 1.0 to 3.0 MPa and a glass transition temperature no greater than about -10 °C. Some coatings, such as 
a silicone, are known to have a glass transition temperature no greater than -180 °C. Acrylate coatings with glass 

25 transition temperature in the range of -30 °C to -40°C are known. For the inner layer a lower transition temperature 

is better. 

[0010] The outer layer has a modulus greater than about 400 MPa. In general, a higher modulus outer layer provides 
better protection from abrasion, puncture and bending due to external forces. However, practical considerations, such 
30 as coating strippability, resistance to cracking, and toughness, place an upper limit on outer layer modulus believed to 
be about 1 600 MPa. Glass transition temperature of the outer coating layer is less critical than that of the inner coating. 
Outer coating glass transition temperature can range to 60 °C and above. 

[0011] The cross over radius is found from the dependence of power distribution in the signal as signal wavelength 
changes. Over the inner volume, signal power decreases as wavelength increases. Over the outer volume, signal 

35 power increases as wavelength increases. For the profiles contained herein, the cross over radius is about 2.8 microns. 
[0012] In an embodiment of the inventive optical waveguide : the central core region is characterized by an alpha 
index profile. Specific embodiments include index profiles having alpha values of at least 1. For the alpha = 1 profile, 
the preferred embodiment includes limitations on the ratios a^a and a l /a 1 where ao is the central core radius, a 1 is the 
inner radius of the second annulus, and a is the radius extending to the interface of core and clad. The preferred ratios 

40 are a^a no greater than about 0.4 and a t /a about 0.9. 

[0013] Profiles having alpha values of 2, and infinity were also studied in detail. An alpha value of infinity means the 
index profile is constant. In practical terms, an alpha greater than about four approximates a constant profile. 
[0014] In a second aspect of the invention, the core and clad regions are defined as in the first aspect above and 
the central core region has an alpha profile and the first annular region has a constant profile. As in the first aspect, 

45 the maximum refractive indices in each region have relative values, r^ > n 2 > n v The inner and outer profile volume 
and the ratio of outer to inner volume are as in the first aspect. 

[0015] In an embodiment of this second aspect, the central core region has an alpha of 2, a % delta in the range of 
about 0.80 to 0.95, and a radius in the range of about 2.4 to 2.8 microns. The first annular region has a % delta no 
greater than about 0.1 . The second annular region has a % delta in the range of about 0.1 to 0.5, a radius, measured 
so to the center of the second annular region, in the range of about 4.25 to 5.75, and a width, measured at the one half 
% delta level, of about 0.4 to 2 microns. The respective inner profile volume, outer profile volume and outer to inner 
profile volume ratio are in the ranges of about 2.75 to 3.70, 1 .55 to 6.B5, and 0.55 to 2.00. 

[0016] In yet another embodiment of this second aspect, the central region has an alpha of infinity, i.e., the profile is 
essentially constant over this region, a % delta in the range of about 0.75 to 1 .05, and a radius in the range of about 
55 1 4 to 2.2 microns. The first annular region has a % delta no greater than about 0.2 and a radius in the range of about 
3.25 to 5.55 microns. The second annular region has a % delta in the range of about 0. 1 to 0.5 and a width, measured 
at the one hall % delta level, of about 0.4 to 2 microns. The respective inner profile volume, outer profile volume and 
outer to inner profile volume ratio are in the ranges of about 1 .38 to 1 .84, 0.77 to 3.41 , and 0.56 to 1 .99 
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T001 71 A third aspect of the invention is a single mode optical waveguide fiber having a central core and a first and 
Lond annu.ar region and a cladding layer as defined in the first aspect. The inner profile volume outer profile volume 
and ratio of outer to inner profile volume are in the respective ranges of about 2 70 to 3.95 umts. 1 .10 ^Dunftand 
0 30 to 2 35 The waveguide fiber has a mean mode field diameter of about 8.4 microns, a zero dispersion wavelength 

s in the range of about 1 560 to 1 575 nm, a dispersion slope no greater than about 0.09 ps/nm^-km, and a polarization 
mode dispersion no greater than about 0.1 5 ps/km 1/2 . . 
r00181 A fourth aspect of the invention is a single mode optical waveguide fiber having a central region of maximum 
refractive index n Q and an adjacent annular region having an outside radius in the range of about 4 to 7 _microns and 
a substantially constant % delta index no greater than about 0. 1 6. The waveguide fiber has a mean mode field d ameter 

10 of about 8.4 microns, a zero dispersion wavelength in the range of about 1560 to 1575 nm a disperse slope no 
areater than about 0.09 ps/nm2-km and a polarization mode dispersion no greater than about 0.15 ps/km 
[001 9] In a preferred embodiment of this fourth aspect, the central core has an alpha profile wherein alpha is at least 1 . 



Brief Description of the Drawings 



r0O201 FIG 1 is an illustrative chart of the inventive index profile showing the three regions of the compound core. 
[0021] Fig! 2 is an end view of the inventive waveguide fiber showing the central core, the surrounding glass layers 
and the outside polymer layers. _ 
[00221 FIG 3 is an embodiment of the invention wherein the central core has an alpha profile with alpha - i . 
20 r00231 FIG 4 is an embodiment of the invention wherein the central core has an alpha profile with alpha — 2. 

[0024] FIG. 5 is an embodiment of the invention wherein the central core has an alpha profile with alpha = infinity, i. 
e the central profile is substantially constant. 

[0025] FIG. 6 is an index profile used in the model calculations of waveguide properties. 
[0026] FIG. 7 illustrates the special case of the compound profile wherein n A = n 2 . 

Detailed Description of the Invention 

[0027] The characteristics of a waveguide fiber suitable for high performance telecommunications systems, de- 
scribed above, may be summarized as: 

- mode field diameter having a mean value of at least about 8.4 microns to reduce the power density in the waveguide 
and thereby reduce SPM; . 

. zero dispersion wavelength in a range of about 1 560 to 1 575 nm combined with a dispersion slope below about 
0 09 ps/nm-km to allow for WDM with sufficient total dispersion to prevent FWM but low enough total dispersion 
over the optical amplifier gain peak to allow essentially equal signal to noise ratio of the amplified WDM signals; 

- qeometry tolerances narrow enough to limit PMD; and, 

- a coating system having a low modulus inner layer and a high modulus outer layer to prevent external forces f rom 
introducing stress into the fiber, thereby asymmetrically altering the index profile and giving rise to PMD. Elastic 
modulus dicussed herein is measured on film samples. 

r00281 The compound core design shown in FIG. 1 has sufficient flexibility to meet this set of requirements. The 
concept of a compound core was disclosed in detail in the '679 patent referenced above. What has been accomplished 
in the invention described herein, is the identification of a set of compound core profiles which meet the requirements 
of a high performance telecommunications system. Further, the requirement set is met without increasing attenuation, 
while maintaining residual internal waveguide stress relatively low, and while maintaining acceptable bend perform- 

since k 
f0029] The three core regions in which the profile can be adjusted are indicated as 2, 6, and 8 in FIG. 1 . In each 
region the shape of the index profile may take a general shape depending upon radial position. Also the radial extent 
of each region may be changed. As illustration, the radius of central core region 2 is shown as length 4. In this case, 
and for all modelled cases, that the central core radius is measured from the axial centerline to the .ntersect.on of the 
extrapolated central profile with the x axis. ... c ^ ««« 

ro030] The first annufcr region 6 is delimited by the radius 4 and the radius 7, which extends to vertical l.ne 5 drawn 
from the half index point of the second annular region. The characteristic radius of the second annular region 8 is 
chosen as length 12, which extends from the core center to the midpoint of the base of region 8, as indicated by point 
3 This convention for second annulus radius is used in all modelled cases. A convenient profile measure for symmet- 
rical profiles is the width 10 shown between vertical lines 5. Lines 5 depend from the half-maximum % delta index 
points This convention for second annulus width is used in all modelled cases. _ 
[0031] The cross over radius is shown as length 14 in FIG. 1 The profile volume, in units of % delta-microns* ms.de 
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the cross over radius is the inner profile volume. The profile volume outside the cross over radius is the outer profile 
volume. The outer to inner volume ratio is a measure of the relative power distribution at a given wavelength and thus 
is a measure of the effect of a particular index profile change. 

[0032] The number of profiles achievable in practice using the three region core illustrated in FIG. 1 is essentially 
5 infinite. Thus, a model was devebped to identify those profiles which met the system requirements stated above. The 
model uses equations and concepts known in the art. 

[0033] For each modelled index profile, where the index profile is described by the function n(r), where n is refractive 
index and r is radius, numerical solutions of the scaler wave equation were found. Solutions were found at several 
wavelengths. The solutions yield propagation constants and field amplitudes from which the optical properties of the 
10 waveguide may be calculated from published formulas. For example, see, "Optical Waveguide Theory", A. W. Snyder 
and J.D. Love, Chapman and Hall, London and New York, 1983, and, "Physical Interpretation of Petermann's Strange 
Spot Size", C. Pask, Electronic Letters, Vol. 20, No. 3, February, 1984. 

[0034] In the model used for the calculations herein, the measured cut off wavelength is defined as 93% of the 
calculated cut off wavelength. The wavelength dependence of the refractive index of germania doped silica was taken 
is from, "Refractive Index Dispersion of Doped Fused Silica", S. Kobayashi et al., Conference Publication from IOOC, 
1 977, paper B8-3. 

[0035] The profile species investigated were of the simple, two and three region type, to meet the additional require- 
ments of ease of manufacture and limited residual stress in the waveguide fiber. 

[0036] FIG. 2 is a cross section of the inventive waveguide fiber showing the central core region 16, the first annular 
20 core region 18 and the second annular core region 20. The final glass layer is the clad layer 22. The first and second 

polymer layers are shown as 24 and 25. DSM Desotech Incorporated, 1122 St. Charles Street, Elgin, lllinoins. 

[0037] The particular embodiment of the inventive profile illustrated in FIG. 3, has a triangular central profile (an 

alpha profile with alpha = 1 ) 26 and a substantially symmetric second annular core region 27 having a profile of general 

trapezoidal shape. Region 27 is alternatively shown as rounded because the manufacturing process and diffusion of 
25 the dopant tends to smooth sharp transitions in dopant concentration. The first annular region 29 may have a flat profile 

as indicated by the dashed line or have a profile slightly rounded at the center or at either end. For modelling purposes, 

the profile in region 29 was taken to be substantially flat and to have a % delta in the range 0.0 to 0.10. 

[0038] A second alpha profile embodiment is that with alpha = 2 as illustrated by central core profile 28 in FIG. 4. 

The first and second annular regions of FIG. 4 are essentially identical to those of FIG. 3. 
30 [0039] FIG. 5 illustrates an embodiment of the inventive profile wherein the central core region is essentially the step 

30. The first and second annular core regions are essentially as shown in FIG. 3 except that the limits of % delta in 

the first annular region are in the range 0.0 to 0.20. 

[0040] Table 1. shows the ranges of the respective profile variables which yield waveguides having the targeted 
properties noted above. The profile variables of every waveguide which met the specified properties were found to be 
35 within the ranges shown in the tables. However, only about 30% of the profiles defined by the tabulated ranges were 
found to have the required properties. That is, the ranges in Table 1 . represent necessary but not sufficient conditions 
for the profile variables. 



Table 1 
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Triangular Central Core 


Alpha = 2 Central Core 


Step Central Core 


Maximum Central Core % Delta 


0.77-1.00 


0.80-0.95 


0.75-1.05 


Maximum First Annulus % Delta 


0.0-0.1 


0.0-0.1 


0.0-0.2 


Maximum Second Annulus % 
Delta 


0.1-0.5 


0.1-0.5 


0.1-0.5 


Radius Central Core (microns) 


2.6-3.4 


2.4-2.8 


1.4-2.2 


Second Annulus Radius 
(microns) 


4.25-7.25 


4.25-6.25 


4.25-5.75 


Second Annulus Width(microns) 


0.4-2.0 


0.4-2.0 


0.4-2.0 


Inner Profile Volume 


2.76-3.92 


2.70-3.80 


2.76-3.68 


Outer Profile Volume 


1.47-7.19 


1,10-6.86 


1.54-6.82 


Ratio Outer Volume/Inner Volume 


0.51-2.33 


0.33-2.17 


0.56-1.99 
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Example 1. Model Results for Triangular Central Core 

[0041] The following profile parameters were entered into the model for calculating waveguide properties: 

5 - Maximum central core % delta - 0.87%; 

Maximum first annulus % delta - 0.1%; 

Maximum second annulus % delta - 0.3%: 
- Central core radius (extrapolated intersection of index profile with x-axis) - 3.0 microns; 

Second annulus radius (measured to the center of the annulus base)-5.5 microns; and, 
10 - Second annulus width (measured at the one half value of index profile) - 0.9 microns. 

[0042] The example profile is shown in FIG. 6. Corresponding with the definitions provided in FIG.1 , the central core 
radius, 34, and the second annulus radius, 40, are shown. The first annulus has a substantially constant index profile. 
The index profile of the second annulus is trapezoidal in shape. The model accounts for diffusion of dopant out of the 
15 waveguide along the centerline by including region 32 as part of the central core. 
[0043] The calculated properties of the waveguide are: 

Zero dispersion wavelength - 1564 nm; 
Dispersion slope - 0.OB0 ps/nm 2 -km; 
20 - Modefield diameter - 8.43 microns; and 
Cut off wavelength - 1137 nm. 

[0044] The inner profile volume, outer profile volume and the outer to inner volume ratios were calculated to be, 1 .60 
units, 1.58 units and 0.99, respectively. 
25 [0045] The calculated properties fit well with the high performance system requirements listed above. 

[0046] In the course of multiple calculations of waveguide properties from index profile models, 120 profiles having 
a triangular central core region, 65 profiles having an alpha = 2 central core region, and 23 profiles having a step central 
core region were found which met the high performance system specifications. 

[0047] A profile was modelled which had the same general shape as that in FIG. 6. The maximum core % delta was 
30 0 79%, maximum second annular region delta 0.44%, first annular region % delta 0.0%, central core radius 3.44 mi- 
crons, second annulus radius, measured to the center of the annulus, 7.5 microns and width of second annulus 0.93 
microns. This profile yielded the properties: 

Mode field diameter - 8.5 microns; 
35 - zero dispersion wavelength - 1565 nm; 

Dispersion slope - 0.065 ps/nm 2 -km; 

Cut off wavelength - 1 525 nm; 

Inner profile volume - 1 .78 units; 

Outer profile volume - 3.29 units; and, 
40 - Outer to inner volume ratio - 1 .85. 

[0048] Again the calculated waveguide properties show an excellent fit with target properties. 
Example 2. Manufacturing Results 



45 



[0049] A large number of kilometers of waveguide fiber was manufactured substantially in accordance with FIG. 6. 
The centerline index dip was about the same as that shown in the modelled profile and the transition regions between 
central core and first annulus, first and second annulus and second annulus and clad layer were rounded due to 
diffusion of dopant from high to low concentration regions. 
so [0050] The resulting fiber had: 

average maximum % delta - 0.814; 

average maximum % delta for the second annulus - 0.289; 
average ratio a^a - 0.39; and, 
55 - average ratio a-,/a - 0.89. 

[0051] The central core region was an alpha profile with alpha about 1 The % delta index of the first annular region 
was less than about 0. 1 . 
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[0052] Average waveguide properties were measured to be: 

mode field diameter - 8.45 microns; 
zero dispersion wavelength - 1563 nm; 
s - dispersion slope - 0.076 ps/nm 2 -km; and, 

cut off wavelength - 1 200 nm. The attenuation was typically less than 0.21 dB/km and the polarization mode dis- 
persion was typically less than 0.15 ps/km 1/2 These are well within the stated target ranges for properties of 
waveguides for high performance systems. 

10 [0053] A profile having a single annulus is shown in FIG. 7. Central core region 44 may have a general shape or it 
may be an alpha profile with alpha at least. 1 . The annulus 46 is substantially flat and has a radius 48 no greater than 
about 7 microns. Table 2. shows the ranges explored for three profiles having a single annular region. 



Table 2. 
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Triangular Central Core 


Alpha = 2 Central Core 


Step Index Central Core 




Central Core % Delta 


1.02-1.10 


0.90-1.10 


0.75 




Annulus % Delta 


0.08-0.12 


0.08-0.16 


0.08-0.12 


20 


Central Core Radius 
(microns) 


2.4-2.6 


1.8-2.4 


1.8-2.0 




Annulus Radius (microns) 


5.0-8.0 


4.0-8.0 


4.0-8.0 




Inner Profile Volume 


2.98-3.38 


2.74-3.48 


2.84-3.18 


2S 


Outer Profile Volume 


1.34-6.62 


0.96-6.62 


0.96-4.42 




Outer/Inner Volume Ratio 


0.45-2.19 


0.33-2.15 


0.34-1.39 



[0054] While the model shows that acceptable product may be obtained using either the profile of FIG. 6 or FIG. 7, 
manufacturing has for now focused on the profile of FIG. 6. Excellent reproducibility and ease of manufacturing has 
been demonstrated using the FIG. 6 profile. 

[0055] Although specific embodiments and features of the invention have hereinbefore been disclosed, the invention 
is nonetheless limited only by the following claims. 



Claims 

1. A single mode optical waveguide fiber designed lor high data rate, single channel or WDM telecommunications 
systems, having a core region comprising: 

a central region, having a maximum index of refraction n 0 , 

a first annular region, adjacent said central region, having a maximum index of refraction n v and, 
a second annular region, adjacent said first annular region, having a maximum index of refraction n 2 , 
wherein n 0 > n 2 >n 1 ; and, 

a clad layer, surrounding said core region, having an index of refraction n c , wherein n 2 > n c ; 
said waveguide finer having a mean mode field diameter of at least about 8.4 microns, a zero dispersion 
wavelength in the range of about 1 560 to 1575 nm, a dispersion slope no greater than about 0.09 ps/nm 2 -km 
and a polarization mode dispersion no greater than 0.15 ps/km 1/2 ; 

said central region having a refractive index profile which is triangular, or an alpha profile with alpha = 2, or a 
step profile, the core region being characterized by values in the ranges set out in the following table for each 
of the three central region profiles: 





Triangular Central Core 
Region 


Alpha = 2 Central Core 
Region 


Step Central Core Region 


Maximum Central Core 
I Region % Delta 


0.77-1.00 


0.80-0.95 


0.75-1.05 
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Ratio Outer Profile 
Volume/Inner Profile 
Volume 



30 



35 



40 



45 



50 



55 



about 400 MPa. 

3. The single mode optica, waveguide fiber of claim 2, wherein the glass transition temperature of said inner coating 
layer is about -35° C. 

4. The single mode optica, waveguide fiber of claim 3, wherein the elastte modu.us of sad outer coating .aver is no 
greater than about 1600 MPa. 

5. A sing.e mode optica, waveguide fiber designed for high data rate, sing.e channel or WDM telecommunications 
systems, having: 

a core region comprising a central region, having a maximum index of refraction n,,; 
an annular region, adjacent said central region; and 

of the three central region profiles: 









Triangular Central Core 
Region 


Alpha = 2 Central Core 
Region 


Step Index Central Core 
Region 


Central Core Region % 
Delta 


1.02-1.10 


0.90-1.10 
0.08-0.16 


0.75 

0.08-0.12 


1 Annular Region % Delta 

J Central Core Region 
| Radius (microns) 


~~ ~ 0.08-0.12 
2.4-2.6 


1.8-2.4 


1 .8-2.0 


I Annular Region Radius 
| (microns) 


5.0-8.0 


4.0-8.0 


4.0-8.0 
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(continued) 





Triangular Central Core 


Alpha = 2 Central Core 


Step Index Central Core 




Region 


Region 


Region jj 


Outer/Inner Profile 


0.45-2.19 


0.33-2.15 


0.34-1.39 


Volume Ratio 









6. A single mode optical waveguide fiber designed for high data rate, single channel or WDM telecommunications 
systems comprising: 



a core region comprising, 

a central region, having a maximum index of refraction n 0 , 

a first annular region, adjacent said central region, having a maximum index of refraction n v and, 
75 a second annular region, adjacent said first annular region, having a maximum index of refraction r^, 

wherein n 0 > n 2 > n 1 ; and, 

a clad layer, surrounding said core region, having an index of refraction n c , wherein n 2 > n c ; 

said central region having an alpha profile wherein alpha is greater than 1 ; 

said first annular region having an essentially constant refractive index profile; and, 

20 

(a) said central region has an alpha of about 2, a % delta in the range of about 0.80 to 0.95, and a radius in 
the range ol about 2.4 to 2.8 microns, 

said first annular region has a % delta no greater than about 0.1 , 
25 said second annular region has a % delta in the range of about 0.1 to 0.5, a radius, measured to the center 

of said second annular region, in the range of about 4.25 to 6.25 microns, and a width, measured at the 
one half % delta level, of about 0.4 to 2 microns, and, 

the fiber has an outer to inner profile volume ratio in the range of about 0.30 to 2.20, or 

30 (b) said central region has an alpha of infinity, a % delta in the range of about 0.75 to 1.05, and a radius in the 

range of about 1 .4 to 2.2 microns, 

said first annular region has a % delta no greater than about 0.2, 

said second annular region has a % delta in the range of about 0.1 to 0.5, a radius, measured to the center 
3S of said second annular region, in the range of about 4.25 to 5.75 microns, and a width, measured at the 

one half % delta level, of about 0.4 to 2 microns, and, 

the fiber has an outer to inner profile volume ratio in the range of about 0.55 to 2.00. 
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